Abstract We propose and demonstrate a novel method for the elimination of arbitrary frequency chirp from short optical pulses. The technique is based on the combination of two cascaded second-order nonlinearities in two individual periodically poled lithium niobate waveguides.
Introduction
Picosecond optical pulses are widely used in diverse applications, such as optical time division-multiplexed communications, optical sensors, and optical imaging systems. Such short optical pulses can be generated using a variety of means including mode-locked lasers, gain-switched laser diodes, and even externally modulated continuous-wave (CW) light sources. However, the generated optical pulses often have some associated intrinsic frequency chirp and the cumulative effects of various optical nonlinearities often experienced during onward transmission in fibre systems can either intensify this chirp or induce additional nonlinear degradation leading to compromised performance for many applications.
A length of a dispersion compensating fibre (DCF) is usually employed to remove the linear chirp component associated with non transformlimited optical pulses and to thereby improve the pulse properties. However, establishing the length of DCF needed requires a detailed knowledge of the exact chirp characteristics and typically needs to be determined on case-bycase basis. This introduces complexity in practical applications, and therefore makes such pulse compensation approaches less attractive.
In recent years, the use of cascaded secondorder nonlinear processes in periodically poled lithium niobate (PPLN) waveguides has attracted considerable interest as a promising route to perform all-optical signal processing 1 . The technology provides for high nonlinear coefficients, an ultra-fast optical response, bitrate and modulation format transparency, low cross talk, no added spontaneous emission noise, and no intrinsic frequency chirp. Cascaded second-harmonic and differencefrequency generation (cSHG/DFG) and cascaded sum-and difference-frequency generation (cSFG/DFG) have both been exploited in various all-optical signal-processing applications, such as wavelength conversion , and phase sensitive amplification 6 . In this paper, we propose and demonstrate an effective method to remove intrinsic frequency chirps induced in ps-optical pulses. The technique relies on the generation of a conjugated replica of the input chirped pulse in a first PPLN waveguide via cSHG/DFG, followed by the nonlinear interaction of the two phaseconjugated signals through cSFG/DFG in a second PPLN waveguide and that results in the generation of chirp-free pulses at the system output. Our scheme has a distinct advantage over the simple linear-chirp correction approach previously described in that even unknown or nonlinear chirps can be erased without detailed knowledge of the input pulse form. Figure 1 illustrates our scheme for the elimination of chirp in pulses based on the combination of cSHG/DFG and cSFG/DFG in two cascaded PPLN waveguides.
Principles of operation
The second harmonic (SH) wave of an input CW pump is first generated in the first PPLN device, which is accompanied by DFG between this SH signal and the initially chirped input pulse to produce a phase-conjugate counterpart with opposite chirp. All of the resulting optical waves after the first PPLN sample are subsequently passed through an optical processor. This is simply a programmable amplitude filter which rejects both the pump and the SH waves, and equalises the optical power of the input pulse with that of its conjugate. After the optical processor the two pulses interact with each other as two pulsed pumps to generate the sum-frequency (SF) wave in the second PPLN waveguide. The SF optical field is determined by the product of the two original optical fields, which means that the imaginary parts of the SF field are cancelled out and thus any frequency chirp is erased. The SF pulse then interacts with a second CW beam, which finally generates a chirp-free output pulse as illustrated in Fig. 1 . Figure 2 shows the experimental setup used to realise our chirp-free pulse generation system. Two 30-mm-long fibre-pigtailed PPLN waveguides (HC Photonics Corp.) were used to induce the two kinds of second-order nonlinear processes and their SHG phase matching wavelength was 1546 nm at 50°C and 42°C, respectively. A CW laser operating at 1546.0 nm was used as the pump source for the first PPLN device. 10-GHz, 2-ps pulses generated from a mode locked erbium glass oscillator (ERGO) at 1552 nm were launched into 150-m of single mode fibre (SMF) to generate the input chirped pulses. The CW pump and the chirped pulses were combined in a 3-dB coupler and then amplified before being launched into the first PPLN waveguide. The total power at the input of the waveguide was restricted to 21 dBm to protect its coupling connectors (note that the same condition was applied to the second PPLN waveguide as well). As discussed in Fig. 1 , the SH wave is generated from the CW pump in the PPLN waveguide, which then interacts with the chirped pulse via the DFG process to produce the conjugate replica. Figure 3(a) shows the measured spectrum of the signal at the output of the first PPLN waveguide. The optical signal to noise ratio (OSNR) of the cSHG/DFG signal was measured to 12.2dB. The optical processor (Finisar Wave Shaper 4000E) was used to filter out both the pump and the SH waves, and to equalise the optical power of the input chirped pulse with that of conjugate pulse as shown in Fig. 3(b) . Power equalisation of the two conjugate signals is desirable, in order to maximise the efficiency of the nonlinear processes in the second PPLN waveguide. The two signals were then amplified and combined with a 1558-nm CW beam in a second 3-dB coupler. All three waves were then launched into the second PPLN waveguide to interact with each other via cSFG/DFG as described in Fig. 1 . The resultant spectrum, measured after the second PPLN device, is shown in Fig. 3(c) the measured OSNR of the cSFG/DFG output signal at 1533.7 nm was 14dB. In order to assess the performance of the system and its capacity to eliminate the chirp of optical pulses, we performed linear frequency resolved optical gating (l-FROG) measurements, using an electro-optic modulator as the sampling gate 7 . Figure 4(a)-(c) shows the spectrograms obtained for the input chirped pulse, its conjugated replica, and the resultant chirp-free output pulse respectively. Normalized intensities and phases of the corresponding retrieved pulses are also shown in Fig. 4(d)-(f) . A filter, tunable both in bandwidth and centre wavelength (Alnair Labs.), was used after the second PPLN waveguide to extract and characterise each pulse separately. As shown in Fig. 4(a, d) and (b, e) , the chirp of the conjugated pulses is opposite to that of the original signal, whereas the chirp in the cSFG/DFG signal has been cancelled out to produce a chirp-free output, as can be seen in Fig. 4(c) and (f). Additional measurements with an optical sampling oscilloscope (EXFO PSO100) and an optical spectrum analyser confirmed pulse widths of 6.5 ps and 6.6 ps for the input and output pulses respectively, and a time-bandwidth product for the chirp-free output pulses of 0.48, which indicates good quality close to the transform-limited pulses.
Experimental results

Conclusion
We have demonstrated an effective method to erase the chirp of ps-long pulses and generate a chirp-free output pulses. The technique, which is based on a combination of cascaded nonlinear effects in two different PPLN waveguides, operates independently of the input chirp characteristics and does not require any prior knowledge of the detailed input pulse form. chirp-free output pulses. Retrieved normalized intensities and phase profiles of (d) the input chirped pulse, (e) its conjugated replica, and (f) the resultant chirp-free output pulse.
